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Jets in medium

e Several medium-induced effects will change a “pp jet” into a “PbPb jet”
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Jets in medium

e Several medium-induced effects will change a “pp jet” into a “PbPb jet”
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Need accurate theoretical description to withdraw QGP characteristics!
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Medium-induced energy loss

Understand the stopping power of matter for colour-charged particles
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Medium-induced energy loss

Understand the stopping power of matter for colour-charged particles

From a pQCD view:
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QGP 1s a collection of static scattering centres
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Multiple interactions enhance gluon radiation
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Medium-induced energy loss

Understand the stopping power of matter for colour-charged particles

From a pQCD view:

QGP 1s a collection of static scattering centres

Multiple interactions enhance gluon radiation é é g

Number of interactions 1s not fixed %

= Need ressumation up to all orders
or

= Opacity expansion (finite interactions with the medium)
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Medium-induced gluon radiation

Accumulation of momenta enhances gluon radiation:

dl 20 CR
(2

“ dwd?k

/ dt’ / dz‘/ D - q 1‘ ,q;t,p)P(o0, k; t', q)
0

7...

I
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Medium-induced gluon radiation

Accumulation of momenta enhances gluon radiation:

dl 2(1/ CR
W
dwd?k (27)> 2

Momentum Broadening:

| 1 t,,
P(t" k;t', q) = /dzz e (F=a)2 oxp {—5 / ds n(s)a(z)}
. ~ Jt!

Density of scattering centres:

n(xry) = /dxzurc?(:mr — Ti1).

Dipole cross-section:

o(r) = / Vig) (1 - (_%'iq7')
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Medium-induced gluon radiation

Accumulation of momenta enhances gluon radiation:

dl 2(Y CR ~
W dt’ dt -q K(t',q;t,p\P (o0, k; t',
dwd?k (27r)2%w? / / / p-qK(t,q;t, pJP(0, kit q)
. . . Momentum Broadening:
&»& = R 1 t'
P(t", k;t', q) = / d’z e "k—a)= exp{—a / ds n(s)a(z)}
8 ~ Jt!

Density of scattering centres:

n(xry) = /dxzurc?(aur — T ).

Collision rate

(parton-medium interaction) _ _
Dipole cross-section:
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Medium-induced gluon radiation

Accumulation of momenta enhances gluon radiation:

dwko 27r 2 2

L. Apolinario 6 2020 RHIC/AGS Annual Users Meeting




Medium-induced gluon radiation

Accumulation of momenta enhances gluon radiation:
dl 2(1/ C R g
W dt’ dt - q|IC(t
dwd?k — (2m)%0? / / / P

Emission Kernel:

M: A‘ Kt z:t,y) = / e 1=2=PY) (t',q:t,p)
J pq
§ r(t')=z [t iw . 1 ]
— / Dr exp / ds ( —7r° — 711(3)0(?“))
Jr(t)=y J L 2 2

Mt: U
Solution to the path integral (for an arbitrary
% potential) poses significant technical

challenges...

/

L. Apolinario 6 2020 RHIC/AGS Annual Users Meeting



[Baier, Dokshitzer, Mueller, Peigné, Schiff (97-00), Zakharov (96)]
[Wiedemann (00), Arnold, Moore,Yafte (01)]

H. Oscillator

Analytical solution to medium-induced gluon radiation for finite size medium

7 free parameters: é\l and L Useful to gain qualitative insight into experimental observations

Resums scatterings over medium length
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[Baier, Dokshitzer, Mueller, Peigné, Schiff (97-00), Zakharov (96)]
[Wiedemann (OO),@A“rl:\ol, Moore,Yaffe (01)

—_—

[Mehtar-Tani, SaIéado‘, Tyvx;oniuk (20106-20°

[LA, Armesto, Salgado (12), Blaizot, Dominguez,*lanicu, I\/Iehta:r—Tani (135’
[Blaizot, lancu, Mehtar-Tani (13), Blaizot, I\/Iehtar—Tani,*Térreﬁs@(’

[LA, Armesto, Milhano, §a*|giab|6 i

[...

N~

H. Oscillator

N~

)
)
)
)
)

Ul

Analytical solution to medium-induced gluon radiation for finite size medium

7 free parameters: é\l and L Useful to gain qualitative insight into experimental observations

Target from several theoretical developments:

finite energy corrections, interplay between energy loss
and transverse momentum broadening, interferences
between successive emitters, ...

Resums scatterings over medium length
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[Baier, Dokshitzer, Mueller, Peigné, Schiff (97-00), Zakharov (96)]
[Wiedemann (OO),'A'rI:\old, Moore,Yaffe (01)

)
N . .
H O S c I I I ato r [Mehtar-Tani, Salgado, Tywoniuk (2010-2011).
_ [LA, Armesto, Salgado (12), Blaizot, Dominguez, lancu, I\/Iehta:r—Tani (13%’ 4)]
[Blaizot, lancu, Mehtar-Tani (13), Blaizot, I\/Iehtar—Tani:'Térres@(’ 4)]
[LA, Armesto, Milhano, Salgado (15)]
Analytical solution to medium-induced gluon radiation for finite size medium
2 free parameters: é\l and L Useful to gain qualitative insight into experimental observations
Target from several theoretical developments:
Resums scatterings over medium length finite energy corrections, interplay between energy loss
and transverse momentum broadening, interferences
between successive emitters, ...
Only valid when medium is dense:
| . . o <k* >
n(s)o(r) ~ =g(s)r* + O(r*Inr?) , ¢= ; =
2 mfp
Ignores perturbative tails at high transverse momentum.
7 2020 RHIC/AGS Annual Users Meeting
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H. Oscillator

L. Apolinario

[Baier, Dokshitzer, Mueller, Peigné, Schift (97-00), Zakharov (96)]
[Wiedemann (OO).,.A'rr.\old, Moore,Yaffe (01)]

Analytical solution to medium-induced gluon radiation for finite size medium

2 free parameters: é\] and L
Resums scatterings over medium length

Only valid when medium is dense:

' 1 - or o . <K >
n(s)o(r) = -4(s)r* + O(r’lnr?) , ¢=— Lf
2 o

Ignores perturbative tails at high transverse momentum.

QHat puzzle?

[JET Collaboration: 1312.5003]

b

7

T MeGILAMY
-=-=- GLV-CUJET-

6 |

X > o
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Au+Au at RHIC,
Pb+Pb at LHC,
|

<

L Ly
0 0.1 0.2 0.3 04 0.5
T (GeV)

Transport coefficient: RHIC > LHC 0
at the same temperature '
Center-of-mass energy dependent “?
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[Gyulassy, Wang (94), Wiedqmann, Gyulassy (99)]
[Gyulg’ss:y, Levai, Vitev (00, 02)]

Opacity expansion (GLV limit) - "o

[Arnold, Igbal (2015);
[Sievert, Vitev (18)

Radiation pattern = Incoherent superposition of just a few single hard scattering processes.

Dipole cross-section:

o(r) = /l(q) (1 - e.e“"')

—

| 1 t//
P(t" k:t',q) = /dzze—z(k—q).z exp {5 / dsn(s) (T(Z)}
. t

/

. . N -
Expansion in terms of: (n(s)o(r)) >k L =5 fm
CHN R, ~ 0.25
_ A E =20 GeV
Exact form of potential: V(q) = ————— ¢ 0.6¢
(g2 + p2)? )
[
3 parameters: n0, L, p 0.4E ! — AMY
A — ASW-MS
3 't;‘.‘\ """ ASW'SH
\:\ —- DGLV
An opacity expansion of the BDMPS-ASW reproduces the GLV PR
0.2
approach [Armesto et al (12)]
0 | I -‘7-—_1_ B s s s O £
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- Recent works:
+ . [Vitev,-Ovanesyan (2013)]

O pac |ty expa ns | on X [Ar[rswzi%s.k;:{e(iof: %

Exact limit when medium 1s dilute;

For dense medium (large number of scattering centers):

Needs resuming the contributions from all orders (analytically and computationally demanding)

* % K _ £ ¥ * |
B . S XX (1) A i ¢ B - =X (2a)
1 1 +2 1 1
¥ ¥ .#. £ ¥ -
=== --e N =X - " 5 === 0 X- % —- (2b) == == - — (3a)
1 1 1 l 1 1 1 |
X X + x + 2 +
¥ * ¥ . * ¥ |
=R===X- ¥N=-- (4) (Xemm=fe === (5a)
* +
+ L - + 2 L SN
.- ."X |
+ . ¥ * ¥
+ 1 a | + L ~ A | Prmmefe RPou (2¢) D= === e - - - (3b)
+2 1 1 +4 1 1
£ ¥ * %
X=-¥=-—==- — (6) X=-Gg=———- - (5b)
. * % ’) l ¥
gl - - - - =-° -y |-'-0—-- -7 + : X% +a- . . A
+ - S e + . 4
£ ¥ * %
0= === == (5¢) 0= === === (3c)
+2— + L :
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[Mehtar-Tani , Tywoniuk (20), Barata, Mehtar-Tani (20),
: Barata et al (20)]

Towards resummation

1 . o 5.
e Analytical expansion around the HO: n(s)o(r) = 5(](5)r2 + O(r*Inr?)

Energy Spectrum Momentum broadening
[ ) _ 10 S—
= o o GW
10 e, -~ =Guu=as= LO+NLO ! L()
. T, v LO-NLONNLO (matched) | NLO L q
B - Se LOWNLO : |
ISR R . :
0.100 e : - P =
. . _a
. . -\~ :_) 10) la 4]
Y
3| 3 - 8
3| © ‘o . —_
‘N \~ o~
0.001F <
., o 10
----- - LO (BDMPS- 2) £
~ — GLV L |
10°F NLO A 104} A=In"'{Q*/u*) = 0.1
~ NNLO (matched) |
0.01 0.10 1 10 100 1000 1075 T P —
ne - - : kr[GeV
— Fast convergence of the improved opacity expansion r(GeV]
Wc
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[Mehtar-Tani , Tywoniuk (20), Barata, Mehtar-Tani (20),
: Barata et al (20)]

Towards resummation

1 . . .
: : R AN 2 2 2
Analytical expansion around the HO: n(s)o(r) = 5(1(5)7“ + O(r“Inr~)
Energy Spectrum Momentum broadening
[ _ 10 —
= o o GW
10‘_:_-..‘ '_‘..-?.-\ """ LO+NLO | 1O
. e S LO-NLO-NNLO (matched) | NLO 5 q
Tl TS LOWNLO : |
Y , .
- .
0.100} T 4 -
" . . -
, -\~ :_) 10) " d
o))
T| 3 o V)
3| © o . —_
.\ \~ ._—,
0.001F ~ - <
t. o 10
----- - LO (BDMPS- 2) £
~ — GLV L |
10°°- .= .- NLO '\\' . 104} A=In"{Q%*/u?) = 0.1
~ NNLO (matched) |
0.01 0.10 1 10 100 1000 1075 T E— 0
ne - - : kr[GeV
— Fast convergence of the improved opacity expansion r(GeV]
Wc

(still limited by an order-by-order calculation)
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[Feal, Vazquez (18), Feal, Vazquez (20)]

Towards resummation

[JET Collaboration: 1312.5003]. bl

Full resummation of all scatterings within a MC approach: : | — McGill-AMY
6 [E= HT-BW --- GLV-CUJET-
L ‘ e HT-M ‘
5 .
6| R | s
| _3 CE o | BTN E
& 1 don S RS
' 3| o -
4} :
< ] 2
T 3L — ]
| | &= b - Au+Au at RHIC, .
i ‘ i I
5 | EoS RHIC+LHC ; IV Pb+Pb at LHC,
' Martini oy, 9 0 féAf Sy ST 1]
L IEIJUJ(ETT)‘ a1, % ; 0 0.1 02 03 04 05
: Y | Hd |
C N=1 o(T) pua(T) ) T (GeV)
() NP BT PR B SR PSSR P
0 100 200 300 400 500 Result with the full resummation of all scatterings (in the
T(MeV) soft limit) without apparent inconsistencies in temperature
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[Feal, Vazquez (18), Feal, Vazquez (20)]

Towards resummation

[JET Collaboration: 1312.5003] * . " °

Full resummation of all scatterings within a MC approach: : ' — McGill-AMY
6 [E= HT-BW §x --- GLV-CUJET
| | 5 | *
() - NS00I
=4I e }
) <?'-1 i:'3'3'1'fzfifiztf:i:fff:
' 3¢ &g g
4t
S | 2
T 3 F
| - : O - Au+Au at RHIC, E
[ ' i I
) | EoS RHIC—LHC ; AN Pb+Pb at LHC,
' Martini vy, o 0 |~GA_ — oy
L SUJ(ETT) a2 ; 0 0.1 0.2 0.3 0.4 0.5
: Y | Hd |
C N=1 o(T) pua(T) : T (GeV)
() NS BT PR B SR BT R
U 100 200 300 400 500 Result with the full resummation of all scatterings (in the
T(MeV) soft limit) without apparent inconsistencies in temperature

Uses involving Monte Carlo methods
(difficult to generally apply for phenomenological studies)
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[An‘drés’,.LA, Dominguez (20)]
r "
Towards resummation
Solve the spectrum by using Schwinger-Dyson type equations (in momentum space):

Evolution equations for emission kernel and broadening

1
0. P(1,k;s,1l) = —-5'/'1.(7) / ok — k"YP(t,k'; s,1)

— _ l , —_ ,
at,c(qu;t?p) — = }C(Spr) T Sll(f)/ U(k —p)K:(S,ka)

C)w

— —
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[Andrés’, LA, Dominguez (20)]

Towards resummation

Solve the spectrum by using Schwinger-Dyson type equations (in momentum space):

Evolution equations for emission kernel and broadening

1
0. P(1,k;s,1l) = _5“(7) / ok — k"YP(t,k'; s,1)

—

.9
- 1p- ~ 1 ~
0K (s, q:t,p) = T-K(s,q;t,p) + 5n(t) /k (k' — p)K(s. q: 1. k')

..;W el

Set of integro-partial differential equations that can be numerically solved to any (realistic) potential

Contains the resummation of all scattering scatterings, in the soft limit, without further approximations!
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[Andrés’, LA, Dominguez (20)]

Equations to solve numerically =

Set of integro-ditferential equations of that can be solve numerically:

Start with broadening and dipole cross-section equation: Tnitial condition:

‘ 1 ' L |

0- (1, k;s,q) = —571(7) / ok — kK )o(T, k' s, q) d(s,. k;s,q) =n(s) (k” q)) o(k —q)
J Kk’ 22 q-*

Use ¢ as initial condition for: (s, k;s,p) = ¢(L.k; s, p)

_ 1 . ip? . ik’? .
Opr(s, k;t,p) = 571(1‘.) / e 2 5ok’ —p)e” 2 S=apr(s, kit k')
J k!

| dI 2a.C Eror .
Finally, calculate: =X ReJ dsJ dt| ie"i2a6-1p. w(s, K; 1, p)
dod’k  2n)*w ( 0 Jp
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GLYV vs Full solution

e Specifying the interaction potential: o(7) = / V(g) (1 —e"")
v q

L. Apolinario

e Yukawa-type interaction:

87712

V@)= @5y

e Parameters: ng, L, p

2_]{72
C e
—1_M2L
T _—
2W

wdl /dwdk?

kr-spectrum
.90 7
1 Full Yukawa
0.30
3 —_ ! 32
().25 - I—l — 10

0.10

0.05

1 0)0)

0,00 - T —
." LRAAAALL] | L B Bl | LAA |
1) = 101 | 1()
.2
Iy

14

noL =1 (“dilute”)

kr-spectrum
.35
A GLVN =1
().30 \.\‘
\o
0.25 \,
j \.
\ —1 — 29
0 N b D V4
(.20 \
| \
(.15 '\.
\-
0.10 \
i \‘
0.05 \
\n
i \‘\
0.007 . . .. . e 8O —
10> 10! 1 10) 100)
K-
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GLYV vs Full solution

e Specifying the interaction potential: o(7) = / V(g) (1 —e"")
v q

L. Apolinario

e Yukawa-type interaction:

Vig) =

87712
(g* + p?)?

e Parameters: ng, L, p

2_]{72
C e
—1_M2L
T _—
2W

wdl | dwdk?

kr-spectrum

=0T Full Yukawa
1.25 7 I—l . )))
1.00 - = =10

r~1 =232
0.75

— g 1=1

0.50 1

0.00
()= 101 | 1() 100)
‘)
K-

15

nolL =5 (“dense”)

kr-spectrum
504 TS, T\ N —
l"’“: N, (TL\ i\ =1
<l N,
e ] \
.25 :
: \
] \ z7 = 32
l.l,ll)*1 \.
? \
0.751 \
*l \
o ] \
(,)...)l)*: °\.
: \
0.257 \
1, \
] TN
0.0079 . . T T T ——
,@ - I
10~ 10! | 10 100
5
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GLYV vs Full solution

Solid: Full Solution (our approéc‘h)

o Specifying the interaction potential: o(7r) = / V(g) (1 —e'7) G T Dashed: GLV (N = 1)
oA | Energy spectrum 1= 0.6 GeV
: : 87’(/_1,2 . ~, T . |
® Yukawa-type interaction: V(qg) = 0.6 7 /Ny ny=1im
YP () (g% + p?)? ; L=5fm /!l \
0.5
e Parameters: ng, L, ;
12 3 041
2 ~—_ :
=73 ~
= 0.3
3 ]
2 :
x—l — M 0.2 7
2W :
0.1
0.0 .

103 102 10! 1 10 10

L. Apolinario 16 2020 RHIC/AGS Annual Users Meeting



GLYV vs Full solution

L. Apolinario

Yukawa-type 1nteraction: V(q) =

Parameters: ng, L, p

z_kz
R—P
—1_M2L
ZC g —
2w

87 12

(g% + p?)?

Specifying the interaction potential: o (7) = / V(g) (1 —e"")
v q

17

Solid: Full Solution (our approach)
- - — - Dashed: GLV (N = 1)

1 =10.6GeV
11

— Efm no = 1 fm
/""\.\ Energy spectrum
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GLYV vs Full solution

e Specifying the interaction potential: o(7r) = / V(g) (1 —e'm) Solid: Full Solution (our approach)
Jq - - - - Dashed: GLV (N =1)
. . 8712 : = 0.6 GeV
e Yukawa-type interaction: V(q) = 1) ,
1 — o
@ 17 L =5im ny = 1im
RN Energy spectrum
e Parameters: ng, L, / N 9y sp
S | ATLAS ik R =040t (5 =502TeV |,
= =an
e S S N
m:‘( | U+U, |5,,=192 GeV Au+Au, |5,5,=200 GeV |
0.5 ™ 4o} ® ' p>5GeVic n°, p,>5 GeVic, PRL101:232301 —
b - ¢ n,p>5GeVic K, p.>6 GeV/c .
2 ~ WK, p >5GeVic ! N
i i ‘ Cu+Cu, |s,=200 GeV _
40 f:_ ;gimﬁrgx o Kg, p,>6 GeVic -
g gy E
% F 590 5 g i .
" ly|<0.35 : i .-
10—10 " 110101 1 L Azoloi 1 1 L360 1 lean
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GLYV vs Full solution

Solid: Full Solution (our approach)
- - — - Dashed: GLV (N = 1)

87 12 : = 0.6 GeV

o ~—1
141 L=5fm ™M= 1 fm
7

e Yukawa-type interaction: V(q) =

B RN Energy spectrum
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HO vs Full solution

. L.,
Specifying the interaction potential: o (r) = / V(g) (1 —e"7) n(s)o(r) = 54 (s)r”
J q -~
. C 87 11
Yukawa-type interaction: V (q) = Solid: Full Solution (our approach)

2 212
(g% + %) - - - - Dashed: HO

Parameters (our): no, L, - L—6fm| os]L=6mm . p— 16GeV
0.06 - | F
A C|q\ - :
Parameters (HO): q, L . 064 G =2.8GeV?/fm i
O - 3 . FR A\ =R 0.9GeV
Only qualitative comparison: N, S ]¢=09 GeVZ/fm ; \¢
7 i~ = 04- = 7
~ 9 max 2 ner
qL ~ (ngL)u ln\/ > 1.3(no L) % 1990V 3 tgy
! ~ 0.024 7 e e § spectrum
l\q .......................
= 0.2
, 3
A— e K2 = —5 | kr-spectrum \ _
R 1 0.004 — “TEEETT O s )
I 5 I I I I 0.0 - L LT PPRO-L TP
10— 0.1 10 100 1072 10! 1 10 102 103
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Comparing QGP potential modé'l:s':

Comparing two potentials: -== FllHTLTL =04
—  Full Yukawa ngL =1
Yukawa: 0.35 1
2 : — ' =32
Vig) = .87‘*“ __ 0.30 - ~ 110
(g2 + p2)2 | N r = 1(
0254 4N r =32
% ! \ kr-spectrum
i~
Hard Thermal Loop (HTL): %
1 ggNCm%T :
SnVig) = —— 2 3
2 q°(q® + mp) 3
Matching small distance behaviour:
no,u2 — asNCTm%. m% — e,u2
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Comparing QGP potential modé[é

Comparing two potentials: --- FullHTL TL =04 --- FullHTL T'L =2
—  Full Yukawa ngL =1 — Full Yukawa ngL = 5
Yukawa: 0.35 0.35 =< ,
Q7 12 | — =32 N T v =32
Vig) = ——=& 0.30- ~ 1 0.3047" \ 1
9)= 21 2)2 N 2 =10 | \ ' =10

q ! _ ‘ -
.25 - ! ‘ T = 3.2 0.25 - \ r = 3.2

(4
i

Hard Thermal Loop (HTL):
1 g N.m4T

—nV —

wdl /dwdk

Matching small distance behaviour:

no,uz — asNCTmQD. m% — 6,u2
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Comparing QGP potential modél:s':

Comparing two potentials:

Yukawa (GW):

Vig) = 87 1°
T (@ 1 )2

Hard Thermal Loop (HTL):
1 g N.m4T

—nV —

Matching small distance behaviour:

2

no,uz — asNCTmQD. mp = e,uQ

L. Apolinario

20

HTL

%Y

G

1.10

[Barata et al (20)]

Non-universal, model dependent, contributions seem
to be negligible

1.05F

1.00

.95}

“ Jr— ..
mp = 0.5GeV~s

PRI S R SR R R S R R O SR O R O . R . R . e e .

0.90

mp, = 1GeV*

) -~ xr12
ny = 2GeV*
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Summary

Novel analytical approach: resummation of all multiple scatterings
Comparison with GLV limit and HO approximation:

GLYV valid for single hard scattering; overestimate true contribution from soft and low momentum

gluons

HO more suitable than GLV to describe low energy gluons; underestimate true contribution from

hard gluons (single soft scattering)
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Summary

Novel analytical approach: resummation of all multiple scatterings
Comparison with GLV limit and HO approximation:

GLYV valid for single hard scattering; overestimate true contribution from soft and low momentum

gluons

HO more suitable than GLV to describe low energy gluons; underestimate true contribution from

hard gluons (single soft scattering) Improves accuracy of QGP-related characteristics

Comparison between two potentials:

Details of the interaction seem to become less important with increasing larger/denser medium

Phase space to pin down QGP main characteristics Thank you!
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